Background: Animal melanin patterns are involved in diverse aspects of their ecology, from thermoregulation to mimicry. Many theoretical models have simulated pigment patterning, but little is known about the developmental mechanisms of color pattern formation. In Drosophila melanogaster, several genes are known to be necessary for cuticular melanization, but the involvement of these genes in melanin pattern evolution is unknown. We have taken a genetic approach to elucidate the developmental mechanisms underlying melanin pattern formation in various drosophilids.
Background
Animal color patterns are found in a dazzling array of variations and often differ between very closely related species. These patterns are a major way in which animals interact with their biotic and abiotic environments and are involved with many important ecological phenomena, including thermoregulation, crypsis, aposematism, mimicry, and mate recognition. Understanding the developmental and molecular basis of color pattern evolution could provide many new insights into the evolutionary process.
The wide variety of patterns displayed by animals has inspired many theoretical models to explain their formation. Most of these models have emphasized the role of diffusible molecules ('morphogens') in organizing patterns in an initially homogeneous cellular field [1] [2] [3] [4] [5] [6] . These models are able to simulate many of the pigmentation patterns seen in animals, particularly mammals and fish [3, 4, 7, 8] . It remains to be seen, however, whether such reaction-diffusion mechanisms actually occur during formation of animal pigment patterns and if so, what molecules act in the process.
One of the most widespread pigments in nature is melanin, which consists of two classes: eumelanins, which are black or brown, and pheomelanins, which are red, orange, or yellow [9] . Chemically, melanins are a large and heterogeneous group, but generally consist of polymerized quinone derivatives of phenolic compounds, often crosslinked with proteins (for reviews see [10, 11] ). In animals, melanins are formed from the catecholamines L-3,4-dihydroxyphenylalanine (dopa) and 3,4-dihydroxyphenylethylamine (dopamine), which are derived from tyrosine via the enzymes tyrosinase (E.C. 1.14.18.1, also called phenol oxidase) and dopa decarboxylase (E.C. 4.1.1.28; for reviews see [10] [11] [12] ).
Animal melanin patterns vary widely among species and develop by different mechanisms in vertebrates and invertebrates. Vertebrate melanin patterns are produced by the neural-crest-derived melanocytes (in homeotherms) and melanophores (in poikilotherms), in which melanosome organelles synthesize melanin granules. In the epidermis, melanosomes are exported from melanocytes to adjacent keratinocytes or hair-bulb cells, which distribute the granules in a variety of ways to give various colors to skin, hair, and fur (for reviews see [11, 13, 14] ). The melanophores of cold-blooded vertebrates retain their granules and are able to rapidly translocate the pigment in response to environmental and physiological stimuli [11] . Invertebrates use a quite different mechanism of melanin pigmentation. During cuticle formation, epidermal cells secrete the melanin precursors dopa and/or dopamine into the extracellular matrix, where they oxidize autocatalytically or enzymatically to melanin, during which crosslinking to cuticle proteins and chitin takes place [10, 15, 16] . In insects, two other catecholamines, N-β-alanyldopamine (NBAD) and N-acetyldopamine, are secreted in the same manner to form sclerotin during formation of tan or unpigmented cuticle (for reviews see [12, 15] ).
Although many biochemical aspects of melanization in animals are understood, far less is known about how melanin patterning is accomplished. In order to understand how these patterns evolve, the genes and developmental mechanisms underlying their formation need to be understood. The genus Drosophila is an excellent candidate for studies of the development and evolution of melanin patterns because many species with divergent melanin patterns are available for study, and because many genetic aspects of the melanin biosynthesis pathway are well-studied in D. melanogaster.
Drosophilids vary widely in the presence and patterns of melanin in the wings, legs, and body segments. Figure 1 shows only a small sample of the great variety of wing melanin patterns of Drosophila species, indicating several different modes of patterning. Many species, such as D. melanogaster (Figure 1a) , have no black patterns in their wings at all, with the only melanized structures being the marginal bristles and epidermal cell hairs. A close relative of D. melanogaster, D. rajasekari (suzukii subgroup, melanogaster group) has a dark male-specific spot (Figure 1b,c) , which is used during courtship displays [17] . A very common pattern motif, a melanin band over one or more crossveins, is seen in D. americana (virilis group; Figure 1d In this study, we have analyzed the role of two genes, encoding the enzymes tyrosine hydroxylase (TH) and dopa decarboxylase (DDC), in Drosophila melanin patterning. Both genes were required for melanin formation but neither enzyme was able to cause ectopic melanization when expressed in highly localized patterns. Surprisingly, ubiquitous but not localized expression of TH caused ectopic wing pigmentation, which was enhanced by co-expression of DDC. The ectopic TH pattern formed in the otherwise unpigmented D. melanogaster wing had a very similar ontogeny to the wing patterns of several Drosophila species, suggesting that melanization can occur through changes in the regulation of this gene. Genetic and physical damage experiments revealed that all of these patterns are dependent upon wing veins and that export of melanin precursors from the veins is required for pattern development. We present a two-component model of wing melanin pattern formation in which wings are prepatterned before eclosion by enzyme activity and then use a small molecule diffusion process mediated by vein-borne precursors to achieve their final pattern.
Results
Tyrosine hydroxylase and dopa decarboxylase are necessary for melanin formation Figure 2a illustrates the melanin biosynthesis pathway as elucidated from studies of Drosophila and other insects (reviewed in [12, 15] Conceptually, a second criteria for discerning possible roles of candidate genes in melanin pattern evolution is that they should be sufficient to cause novel melanin patterns upon ectopic expression. The involvement of DDC in melanization and sclerotization has been well studied in Drosophila [20, 21] . Carrying up to ten doses of the wildtype Ddc gene does not have a phenotypic effect other than elevated enzyme activity [22] , but the effects of DDC expression in spatially novel patterns have never been studied. A recent report on the butterfly Papilio glaucus showed that DDC is expressed in patterns coinciding with black color pattern formation [23] , suggesting that ectopic DDC expression might be involved in the genesis of novel melanin patterns. In order to test this, D. melanogaster lines bearing a UAS-DDC P-element insert were crossed with a panel of GAL4 lines (see Materials and methods) and adult pigmentation phenotypes were examined for abnormalities. Even though strong ectopic DDC expression could be detected in imaginal discs (see Materials and methods), no ectopic pigmentation was seen in crosses to any of the GAL4 drivers (data not shown).
Ubiquitous expression of TH causes ectopic wing melanization
TH is required to catalyze the rate limiting step in the melanin pathway [24] . In order to test whether expression of TH is sufficient to produce ectopic melanization, lines bearing a UAS-TH P-element were crossed with the panel of GAL4 lines. None of the GAL4 lines with expression restricted to compartments, boundaries, or stripes in imaginal discs and pupal segments (for example, ptc, Dll, ap, and en) caused ectopic pigmentation. Surprisingly, however, ectopic TH under the control of three different GAL4 drivers with ubiquitous expression, hsp70-GAL4 (with no heat shock), 24B-GAL4, and 1767-GAL4 (see Materials and methods), caused the gradual development of ectopic brown stripes in the intervein areas of the wings during early adult life (Figure 3a ,b). These stripes followed the wing veins very Tyrosine hydroxylase (TH) and dopa decarboxylase (DDC) are required for melanin synthesis in Drosophila. (a) Biosynthesis pathway for insect melanin and sclerotin (condensed from [12] ). TH and DDC are required for melanin and sclerotin formation (see below) and TH is the rate-controlling enzyme [24] . Two other important activities are NBAD synthase (encoded by ebony [18, 19] ) and O-diphenol oxidase (E.C.1.10.3.1). NBAD synthase sits at an important control point, shunting dopamine away from melanin synthesis and into sclerotin synthesis. Phenol oxidases have been characterized in the hemocytes of several insects, where they catalyze the conversion of dopa and dopamine to melanin during wound-healing and infection reactions [10, 12, 15, 44] . . These data indicate that ubiquitous TH expression alone is capable of causing ectopic wing melanin pigmentation and that perhaps just a single genetic change at or upstream of the pale locus can cause a change in melanization.
The ectopic wing pigment phenotype of UAS-TH/DDC flies was similar to that of the mutant ebony ( Figure 3c ) in its association with wing veins and in the gradual development of the pattern during the several days after eclosion. The melanic phenotype of ebony is the result of excess dopamine being shunted to melanin production [12] , which is also expected to result from excess TH expression. However, the specific patterns formed in UAS-TH/DDC and ebony were different. In the UAS-TH/DDC genotype, the brown bands were separated from the veins by a clear or very light tan area, which had variable width depending on its location in the wing. The ebony mutants did not have these clear areas; the ectopic melanin stripe appeared immediately adjacent to each vein. Furthermore, these two genotypes differed completely in their body phenotypes. Mutant ebony flies were initially very light but rapidly darkened to an overall melanic body phenotype, whereas UAS-TH/DDC flies remained underpigmented. Differences between UAS-TH/DDC and ebony phenotypes probably resulted from differential NBAD production, which is expected to have an important influence on the cuticular patterns produced (see Discussion).
Intact wing veins are required for melanin pattern formation
The intriguing association of ectopic melanin with wing veins in UAS-TH/DDC and in ebony mutants suggests that the veins may somehow determine how and where these patterns will form. In fact, several observations in these mutants indicate that ectopic wing melanin is dependent not only on vein position but also on the function of veins as vessels for hemolymph. Individuals with wing damage in early adulthood or curled wings due to the CyO balancer chromosome did not develop the ectopic melanin pattern (data not shown). Furthermore, in wing vein mutant backgrounds, the ectopic melanin patterns were strongly affected. In an ebony veinlet double mutant, in which all of the longitudinal veins were strongly truncated or eliminated, ectopic melanin developed only in proximal areas and did not develop around the long 'dead end' veins that truncate before reaching the margin (Figure 4a) . Similarly, ectopic TH expression in a Vein off mutant background, in which veins R2+3 and M1 are severely truncated but R4+5 and CuA1 are intact, the ectopic melanin pattern follows the intact veins very closely, including the small distal portion of the R2+3 vein, but the pattern was lost where the veins have been deleted (Figure 4b ).
Given the gradual appearance and vein-dependence of ectopic melanin patterns in D. melanogaster, it was of particular interest to determine whether wild-type wing melanin patterns in other Drosophila species showed similar behavior. Young adults of D. rajasekari, D. grimshawi, and D. disjuncta were examined; in all three species, newly eclosed adults had either no wing pattern, with uniform pigmentation of the epidermal cell hairs (D. rajasekari; see below) or a 'prepattern' of pigmentation only in cell hairs (shown in Figure 4c for D. disjuncta). In these species, cell body darkening to the mature melanin pattern took about one day. Although significantly faster, these dynamics of wing pattern formation were similar to ectopic wing pigment development in D. melanogaster.
To test whether these more elaborate melanin patterns were also vein-dependent, the effects of abnormal vein patterns were observed in a newly discovered wing-vein mutant in D. grimshawi (Figure 4d ,e) and in a wild-type laboratory strain of D. heteroneura, in which vein abnormalities are found sporadically (Figure 4f ). Vein pattern aberrations in these species indeed showed incomplete development of the dark brown patterns in areas of veinpattern alteration. In the case of D. grimshawi weak veins (Figure 4d ), the cell-hair prepattern was unaltered (Figure 4e ), indicating that the prepattern and vein pattern are determined independently. In the abnormal D. heteroneura wing (Figure 4f ), the posterior crossvein failed to connect to the M1 vein (arrow in Figure 4f ), resulting in incomplete development of the crossvein melanin stripe (compare with wild type in Figure 1g ). Furthermore, results of physical wing damage in D. rajasekari are also consistent with the vein-dependence of ectopic D. melanogaster patterns. Surgical damage in the proximal costal vein during the first day of adult life, before pigmentation develops, caused deletion or incomplete development of the pattern (Figure 4g ). If wing damage was more posterior or away from vein areas, the pattern appeared normal or had only slight reductions (data not shown).
Wing pattern development appeared to depend on vein function in a dynamic way, because when wings were cut off before pigmentation, little or no further development took place (data not shown). Therefore, the substances needed for melanin pattern development are not located in the wing immediately after eclosion but need to be transported there over time from the wing veins.
The altered melanin patterns resulting from vein mutations or damage in all of these species strongly suggest that an intact circulatory network of veins is required for deposition of wing melanin. In the wings of young adults, precursors or pattern determining substances must diffuse from the vein hemolymph onto the drying wing cuticle in all directions. This process is shown schematically in Figure 4h , using the simple pattern caused by ectopic expression of TH in D. melanogaster as an example. The pigment pattern produced by diffusion of factors from the wing veins can cover most of the wing but does not reach to distal regions in the posterior four intervein areas. This is presumably because the posterior wing margin does not contain a vein, and because cessation of diffusion eventually occurs after several days of adult life. We have observed that in UAS-TH and ebony flies, ectopic pigmentation reaches its full spatial extent at 3-5 days after eclosion and undergoes only subtle darkening after this time. The relationship between wing veins and melanin patterns and the lack of melanin deposition in damaged or vein-mutant wings indicates that the veins export hemolymph-borne products into the wing cuticle during early adult life. These products could be melanin precursors, hormonal signals, or some other form of activating factor needed for pattern development. In order to test what molecules are required for pattern formation, unpigmented wings from newly eclosed D. rajasekari males were excised and incubated with the potential precursors dopa and dopamine. Incubation with either precursor resulted in melanin formation in the normal pattern. Wings incubated with dopa developed the male specific pattern very lightly (data not shown), whereas wings incubated with dopamine ( Figure 5b ) were able to develop the pattern quite strongly. D. rajasekari male wings incubated in buffer alone (Figure 5a ) did not develop the pattern further than at the time of wing excision. This assay shows that melanin precursors themselves, and not hormones or other signaling factors, when supplied exogenously, are sufficient to cause pattern development.
Discussion
In this study, we have uncovered two unexpected findings that enable a general picture of wing melanin patterning to take shape. The most important result is that Drosophila species with no wing melanization are potentially only one genetic step away from expressing a basic wing melanin pattern. Global, but not local, expression of the rate-limiting enzyme tyrosine hydroxylase, with or without dopa decarboxylase, is sufficient to give a light brown, vein-dependent wing pattern. The second finding is that melanin patterns in wings are determined by the timing and vein-dependent pattern of precursor diffusion. We have shown that the vein-associated patterns of TH gain-of-function and ebony loss-of-function flies are completely dependent on intact wing veins.
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Figure 5
Exogenously supplied melanin precursors can complete pattern development in excised, prepigmented D. rajasekari wings. Male wings are shown that were removed during the first 12 h after eclosion and incubated for 26 h in (a) buffer only (control), which causes no pattern development, or (b) 0.4 mg/ml dopamine, which causes development of gray melanization in the species-specific spot area. Further, this dependence is also evident in several Drosophila species with wild-type wing melanin patterns, strongly suggesting that wing patterns are vein-dependent in all drosophilids. (Figure 6c ) and D. cilifemorata wings (Figure 6d ). These similarities suggest that the diffusion process in distal regions of the wing is slower or less efficient than in proximal regions, which are usually more thoroughly covered. Similarly, in the D. melanogaster ectopic pigmentation phenotypes, the pattern is restricted in the posterior region of the wing to a wide 'finger' surrounding and crossing the CuA1 vein before it reaches the margin (Figure 3a-c) and fails to reach substantial posterior marginal areas of the wing. This type of posterior pattern is seen in many of the species with wild-type wing melanin patterning, exemplified by D. disjuncta (Figure 6e ), which has a cell-hair prepattern that covers much of the posterior wing but is incompletely filled in with the darker pigmentation in posterior regions distant from the CuA1 vein. Species with more elongated wings, such as D. nigra (Figure 6a ) and D. cilifemorata (Figure 1e ), seem to be able to cover a larger posterior extent of their wing than species with broader wings, especially in the area posterior to the CuA1 vein. Thus, changes in wing shape can overcome spatial limitations of the vein export system.
A two-component model for wing pattern formation: prepattern and diffusion
On the basis of our observations of the vein-dependence of Drosophila wing melanin patterns and that pattern development is mediated by hemolymph-borne precursors, we suggest a two-component model for development of wing melanin patterns (Figure 7) . The first component, an early prepattern of enzyme activity, exists at eclosion and is gradually filled in during early adult life by the second component, diffusion of melanin precursors from the wing veins. Regulation of the two elements of the developmental process is very different. Spatially regulated transcription is presumably involved in setting up the enzymatic prepattern. This may occur by the action of transcription factors with expression patterns restricted to subregions of the wing field, in a manner analogous to the iroquois-complex genes of D. melanogaster, for example, which specify subregions of the dorsal thorax [25] . Wing vein development is also regulated by hierarchies of signaling proteins and transcription factors [26] [27] [28] and some of these regulators may act in formation of the prepattern as well. However, the presence of a normal prepattern in a wing vein mutant of D. grimshawi (Figure 4d) indicates that the two patterning systems function independently in this species.
Final development of the pattern is mediated by the availability and diffusion of small molecule precursors of melanin. As they diffuse, precursors are incorporated into polymerizing melanin or sclerotin either by cuticular enzymes or autocatalytically. The final outcome of this process is expected to depend on both the absolute and relative levels of melanin and sclerotin precursors in the hemolymph. As shown by our results from ectopic TH expression, global upregulation of dopa and dopamine production is sufficient to cause wing pigment deposition. The mechanism by which these species render unmelanized areas of the wing transparent, with no cellhair pigmentation, is unknown but may involve shunting of dopamine to N-acetyldopamine, which has been proposed as a precursor for colorless cuticle (see [15] ).
Evolution of melanin patterns
Although this wing patterning system is quite different from the reaction-diffusion systems in fields of living, undifferentiated cells envisioned by Turing and subsequent pattern-formation theorists, the mechanism provides a novel context in which the process of diffusion plays a major role in the formation of a very common type of biological pattern. Evolution can act in diverse ways upon these pigmentation components. The many different patterns in Hawaiian picture-wing Drosophila and other winged insect genera show that a great deal of tinkering has been done with the prepatterning system, presumably as a result of gene-regulatory changes in the hierarchy of spatial patterning in the wing. On the other hand, metabolic traits of the whole organism may affect the levels and dynamics of pigment precursor availability in the hemolymph. Regulation of this system of precursor transport takes place in the organs that secrete these molecules into the hemolymph and affects many characters in the whole animal, including behavior, because of dopamine's function as a neurotransmitter. Melanin precursors are derived from tyrosine, which itself is synthesized from phenylalanine. Drosophila cannot synthesize phenylalanine and must obtain this amino acid in their diets [29] , suggesting that very fundamental aspects of ecology may play a role in the expression and evolution of these rapidly evolving traits.
Our finding that regulatory change in the expression of a single gene, tyrosine hydroxylase, causes a dominant, gain-of-pigmentation phenotype has implications for developmental mechanisms underlying melanic polymorphisms, which have been described in many lepidopteran species and are often caused by single dominant alleles [30] . The pale locus may thus be a good candidate gene for melanism. While dominant melanic mutants are unknown in Drosophila, several recessive loci causing cuticle darkening throughout the adult body are well known, including ebony and black. Mutants at these loci cause melanism by shunting excess dopamine to cuticular melanin [12] . Thus, genes like ebony are also good candidates for involvement in naturally-occurring melanism in other insects. Furthermore, our finding that co-expression of DDC increases the frequency of more intense ectopic melanin phenotypes suggest that DDC and other melanin-pathway loci may be able to act as modifiers of melanism, which are also found in genetic studies of naturally occurring melanic polymorphisms [30] .
On the basis of the very common occurrence of wing melanin patterns of all kinds in many groups of winged insects, our results on developmental mechanisms of this patterning in Drosophila may also apply generally to insects. Comparative studies could shed light on whether evolution uses change in the same genes and developmental steps in independent lineages or whether many different genes and processes can be used to achieve similar phenotypic outcomes. It will be of great interest in future studies to integrate this information with insect phylogeographic studies to provide hypotheses as to what ecological and selective processes are associated with diversification of color pattern development.
Conclusions
Our results indicate that complex wing melanin patterns are determined by two distinct developmental mechanisms. Enzymatic prepatterns are established late in wing development. Then, in young adults, melanin precursors in the hemolymph gradually diffuse out from wing veins and are oxidized into dark brown or black melanin. Both the prepatterning and hemolymph-supplied components of this system may change during evolution to produce color pattern diversity. Thus, changes in the level of expression of a single gene can result in a new level of melanization. This mechanism is quite different from the reaction-diffusion systems envisioned by Turing and other theorists, but nonetheless provides a novel example in which the process of diffusion produces a very common type of biological pattern.
Materials and methods

Drosophila cultures
D. melanogaster and D. rajasekari were grown on standard corn meal molasses agar media. D. melanogaster crosses were performed at 25°a nd D. rajasekari stocks were grown at room temperature. Adult Hawaiian Drosophila were cultured at 18°C in vials on Wheeler-Clayton medium [31] supplemented with an aqueous extract of Clermontia (the natural host plant). Once larval activity was observed, cornmeal-molasses-agar medium was added to the vials. Vials with third instar larvae were placed in a gallon jar half-filled with damp, coarse sand. Larvae tunnel into the sand to pupate, and adults crawl back out upon eclosion.
Drosophila strains
A panel of GAL4 lines was used in ectopic expression tests. Expression during the time critical for adult pigment pattern development in the pupae [32] was tested by assessing the ability of the GAL4 transgenes to rescue the wild-type adult pigmentation phenotype when driving UAS-yellow expression in a yellow -/-mutant background [33] . The following lines showed rescue of wild-type yellow + pigmentation and were used in the GAL4 ectopic expression experiments. In parentheses, patterns of rescue are indicated, followed by references or sources for these strains. Information on GAL4 lines obtained from the Bloomington Drosophila Stock Center (BDSC) can be found in FlyBase (1999; http://flybase.bio.indiana.edu): 1767 (ubiquitous; BDSC), 1348 (ubiquitous; received from M. Muskavitch), optomotor-blind (omb wing pattern; [33] ), apterous (ap wing pattern; [33] ), C5 (weak ubiquitous; received from J. Botas), 11-4 (pupal abdomen except for A5/A6; received from I. Duncan), rhomboid (ubiquitous; received from E. Verhayen), hsp70 (ubiquitous rescue with no heat shock; [34] ), pannier (dorsal thorax and abdomen; [33] ), engrailed (posterior compartment in appendages; received from N. Perrimon), patched (anteroposterior stripe in appendages; stock #2017 in BDSC), Distalless (wing margin and leg tarsae; [33] ); 24B (ubiquitous; [35] ).
The following strains were used in mosaic analysis (sources in parentheses): ple 2- [36] ) strains 361.0 and 361.3 were obtained from the Bowling Green Drosophila Species Center. Females of some laboratory strains of D. rajasekari have been reported to express a weak black wing spot but no wild-collected females with wing pigmentation have been found [37] . Females from the two strains used in this study occasionally showed an extremely subtle line of gray in the area corresponding to the male wing spot, but never expressed further wing melanization of any kind. Males of both D. rajasekari strains with undamaged wings always expressed the full, dark wing spot (Figure 1c) , with only slight variation between individuals.
The D. grimshawi mutation weak veins (wev) is present at low frequency in the wild-type stock G1, which was originally collected from Maui, and is maintained by the Hawaiian Drosophila Stock Center at the University of Hawaii at Manoa (HDSC). The mutation was isolated by inbreeding the offspring produced from a single mutant mated to its siblings. The mutant phenotype, characterized by partial loss of posterior wing veins and posterior pigmentation, is completely recessive and 100% penetrant. After culturing the mutant stock in homozygous condition for 14 
Drosophila transformant line construction
To make UAS-TH, a 2628 bp EcoRI-HindIII fragment from the plasmid p1513 (received from J. Hirsh), containing the complete open reading frame of the D. melanogaster TH (pale) locus [24, 38] , was cloned into the pUAST vector [35] . To make UAS-DDC, a 1432 bp EcoRI-KpnI fragment containing the entire hypoderm-specific open reading frame from the D. melanogaster Ddc locus [39] was produced by PCR amplification with the forward 29mer primer 5′-GCGAATTCACCATGGAGGCGCCGGAGTTC-3′ and the reverse 30mer primer 5′-GCGGTACCTTACTGCTCCTGTTCCATCTCG-3′, using as a template the plasmid pBSDDC13B (received from J.L. Marsh). The ATG at position 12 in the forward primer corresponds to the presumptive initiation codon in the 2.1 kb hypoderm-specific Ddc mRNA at position 1067 in exon C [39] . The PCR product was cleaved using sites in the amplification primers and the resulting 1428 bp EcoRI-KpnI fragment containing the complete hypoderm-specific open reading frame was cloned into pUAST and sequenced on both strands to assure that no PCR errors occurred. P-element-mediated germ-line transformation was performed as described [40] , using a yellow white strain as host. Expression of TH and DDC in the UAS transformant lines was confirmed by immunofluorescence antibody staining of imaginal discs as described [41] , with ptc-GAL4 and en-GAL4 as drivers. A cross-reactive rabbit polyclonal antibody raised against rat TH (PelFreeze) was used to test for ectopic expression of TH. A DDC rat polyclonal antibody, obtained as a gift from J. Hirsh, was used to test for ectopic DDC. Both UAS-TH and UAS-DDC were expressed at high levels in the expected third instar disc patterns with a single dose each of UAS and GAL4, as assessed by confocal microscopy (not shown).
Somatic mosaic analysis
Drosophila were allowed to lay eggs for 24 h on yeasted media and then cleared. Embryos were gamma irradiated using a 137 Cs source at 24-72 h after egg laying began, with varying doses from 2,000 to 10,000 rads. The following genotypes were irradiated: f 36a ; pale n /pale + P{f + 77A} for pale clones, and f 36a ; Ddc n /Ddc + P{f + 30B} for Ddc clones. Different alleles of the same gene gave qualitatively similar results. In males, which have a hemizygous f 36a background, cuticular patches marked by the forked -bristle marker were associated with albino pale -/-or Ddc -/-patches (presumptive clones). This is consistent with a cell-autonomous requirement for pale and Ddc, but does not give information on whether these requirements are strictly cellautonomous. Ddc has been previously reported to be a good cuticular marker for mosaic analysis [42] .
D. rajasekari precursor incubation experiments
Wings were dissected from newly eclosed flies and incubated at room temperature in 0.1 M KPO 4 buffer pH 6.3 containing 0.1% Triton X-100 and 0.4-1.0 mg/ml L-dopa or dopamine for 24-48 h. Control wings were incubated in the same buffer without added precursors. To assure that fine-scale stage differences did not confound the results, for each individual, one wing was incubated in the control and one in the precursor solution.
